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Abstract 
The usage of bioenergy is expected to increase for at least ten more years in the U.S. owing to its environmental benefits relative to petroleum. 
Growing biomass, converting it to a biofuel (e.g., corn ethanol), and using the biofuel has consequences related to the three dimensions of 
sustainability: economy, environment, and society. An integrated sustainability model (ISM) using system dynamics is developed for bioenergy 
systems to understand how changes in bioenergy production influence environmental measures, economic development, and social impacts. 
Predictions, such as greenhouse gas emissions, biofuel price, and employment, can be made for a given temporal and spatial scale.  
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1. Introduction 
Bioenergy, as an alternative energy resource for heating, 
electricity, and transportation fuel, provides about 10% of the 
current global energy demand and accounts for roughly 80% of 
renewable energy [1]. Smeets et al. [2] estimated the global 
potential of bioenergy production from agricultural and 
forestry residues and wastes as 76–96 EJ/year, and the total 
technical potential for biomass could be as high as 1500 EJ/year 
by 2050. The U.S. Department of Energy reports that the total 
projected consumption of biomass feedstocks may be roughly 
330 million dry tons per year by 2030, a 54% increase over 
today [3]. The main reason for more biomass feedstock use is 
the increasing demand associated with biofuel production. 
Biofuels include ethanol, diesel, and methanol. The U.S. 
Energy Independence and Security Act of 2007 expanded the 
mandated use of biofuels based on the first Renewable Fuel 
Standard (RFS) that required the annual use of 9 billion gallons 
of biofuels in 2008, rising to 36 billion gallons in 2022 [4]. 
Global biofuel production has grown from 16 billion liters in 
2000 to more than 100 billion liters in 2010. In the United 
States, the share of biofuels was 4% for road transport fuel and 
in the European Union (EU) around 3% in 2008 [5]. 
The use of fossil fuels for energy generation is widely linked 
to global warming. One of the advantages of bioenergy is that 
it reduces the greenhouse gas (GHG) emissions across the 
entire bioenergy life cycle. Using biomass to produce biofuels 
such as ethanol has already been proven that it can significantly 
mitigate CO2 emissions when it is compared to gasoline 
production. For example, corn ethanol produced by a natural 
gas biorefinery can have a 38.9% reduction of GHG emissions 
relative to gasoline production and the reduction in GHG 
emissions could vary from 39.6–57.7% by integrating biomass 
to produce heat [6]. The International Energy Agency (IEA) 
reported that the projected use of biofuels could avoid around 
2.1 gigatonnes (Gt) of CO2 emissions per year by 2050 when 
produced sustainably [5].  
Use of bioenergy is increasingly viewed as an opportunity, 
not only to enhance energy security and provide environmental 
benefits, but also to accelerate economic development, 
particularly in rural areas [7]. Solomon [8] found that existing 
biofuels industries have been a major contributor to rural 
economies and small farmers in several countries. Neuwahl 
et al. [9] also explored the employment impacts of biofuels 
development in the context of the Renewable Energy Roadmap 
for the European Union market and found that the biofuel 
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industry has a positive impact on employment. On the other 
hand, there may be socio-economic concerns associated with 
bioenergy development, e.g., competition with food 
production, land ownership changes, low wages, and child 
labor [10]. 
To better understand the impacts of the increased use of 
bioenergy, it is necessary to consider all three dimensions of 
sustainability: environment, economy, and society. The 
bioenergy system is embedded in a complex, social-ecological 
system. Ostrom [11] indicated that the core challenge of 
assessing the sustainability of such an interdisciplinary system 
is the identification of relationships among the key system 
variables at different spatial and temporal scales. In this paper, 
an integrated sustainability model (ISM) is established that 
includes relationships for the environmental, economic, and 
social variables of a bioenergy system. Corn ethanol production 
is utilized to demonstrate the efficacy of the model. 
2. Integrated sustainability model 
2.1. Model conceptualization 
A bioenergy system includes such activities as planting and 
growing biomass, harvesting biomass, processing biomass to 
produce a fuel, and fuel use. Such a system has associated 
economic, environmental, and social impacts. A variety of 
exogenous factors associated with the bioenergy system are 
highly relevant in the anticipation of the positive and negative 
outcomes based on a certain model. A conceptual view of the 
model is shown in Fig. 1. The model should be able to make 
predictions about how a given set of exogenous factors and 
decisions (e.g., population demographics, feedstock type, 
alternative biomass markets, land use policy, evolution of 
bioenergy system, tax rates, and price of oil) affect the 
bioenergy system. 
A model for the bioenergy system has been developed that 
includes modules for ecosystem services and socio-economic 
effects. The model describes the dynamic character of the 
system, and aims to forecast such consequences as GHG 
emissions, biofuel price, employment, and quality of life. The 
bioenergy model was created using STELLA™ software.  
Fig. 1. Integrated sustainability model concept for bioenergy system 
2.2. System dynamics modeling 
System dynamics is a modeling method that can be utilized 
to characterize the behavior of complex, often nonlinear, 
systems. A system dynamics model may include feedback 
loops, feedforward loops, time delays, and other dynamic 
elements. The first stage in developing a system dynamics 
model is to construct a causal loop diagram (CLD). A CLD 
helps to visualize the interrelationships among the different 
elements in the system.  In this study, a CLD was created that 
links key variables within the bioenergy system and that 
reflects consideration of environmental, economic, and social 
performances. Within a CLD, the factors connected by arrows 
indicate causal relationships. A sign is added to the head of 
each arrow, with a “+” sign indicating a positive causality, and 
a “-” indicating a negative causality. For example, one of the 
arrows in the figure relates demand for biofuel production to 
feedstock production. Since the indicated sign is “+”, this 
means that when the demand for biofuel production increases, 
there will be an increase in feedstock production. 
The proposed CLD for a biofuel system in Fig. 2 shows the 
relationships among key variables that influence the 
environmental, economic, and social impacts (e.g., reduction in 
GHG emissions, GDP created by the biofuel industry, 
employment, and tax revenue). For example, the key factor 
relevant to the reduction in GHG emissions is the biofuel 
production which is influenced by the demand for biofuel 
production. The level of demand for biofuel production is 
influenced by the economic and population growth. An 
increase in the demand for biofuel production leads to an 
increase in biofuel price in a large market. However, an 
increase in biofuel price negatively affects the demand for 
biofuel production. Such a relationship could attenuate the 
growth in the demand of biofuel production and make the 
biofuel price stable over time. Land-use change effect plays a 
negative role in the reduction in GHG emissions of biofuel 
production.  
The amount of biofuel sales depends on the biofuel price and 
production. The biofuel price is also affected by the feedstock 
price which is negatively influenced by feedstock production. 
The economic impacts of biofuel production, such as GDP, 
labor income, and employment, are positively related to biofuel 
sales. On the other hand, the tax paid by the biofuel industry 
will be increased by an increase in biofuel sales. Additionally, 
with an increase in tax revenue, more funds will be spent on 
social welfare, and will increase the quality of life. 
Fig. 2. Causal loop diagram for biofuel system 
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3.  Case study: corn ethanol system 
In 2012, corn ethanol production represented 94% of all 
biofuel in the United States. For this paper, the corn ethanol life 
cycle was selected as the bioenergy system of interest. In 2003, 
corn ethanol was only used as an alternative to methyl tertiary 
butyl ether (MTBE) to be blended with gasoline. Today, the 
major use of corn ethanol is blending into gasoline to create 
E10 (10% ethanol/90% gasoline) or E85 (85% ethanol/15% 
gasoline). In 2004, 12.9 billion liters of ethanol were blended 
with gasoline (about 2% ethanol by volume) and sold as a fuel 
in the U.S. The mix is 1.3% ethanol (2.5 × 1017 J) in terms of 
the energy content [12]. 
3.1. Corn ethanol demand and price 
Bioenergy demand is largely driven by total energy demand, 
which in turn is driven by population and economic growth. 
From 2000 to 2014, the U.S. bioenergy consumption per capita 
increased by 38.7%, and the percentage of bioenergy relative 
to total energy use has increased from 3.37 to 4.63%. Although 
in reality there could be a slight gap between biomass energy 
production and actual consumption. As is often theoretically 
assumed, the demand and the supply are virtually the same. 
Based on the IEA’s historical data, the biomass energy 
production and consumption were the same during these fifteen 
years, so the biomass supply satisfies the demand for 
bioenergy. Therefore, any gap between supply and demand is 
neglected in this study. In the U.S., ethanol demand is expected 
to be proportional to population and GDP. Based on examining 
the U.S. population and GDP from 2010 to 2014, the 
population has a constant growth rate of 3.106 million people 
per year and a GDP growth of $1,056.8 billion per year. A 
regression analysis was performed with ethanol consumption 
as the response, and population and GDP as independent 
variables. The resulting linear model fit was R2 = 0.97. 
Supply and demand curves (see Fig. 3) are used to estimate 
the equilibrium corn ethanol price. The supply curve for corn 
ethanol is based on the data for U.S. corn ethanol production 
and price from 2000 to 2014 [13, 14]. The demand curve for 
corn ethanol is based on two values. The first value is for 5 
billion gallons (19 billion liters) – when ethanol was introduced 
as an alternative to MTBE – and the corn ethanol price was 1.1 
times the gasoline price [15]. The second value is for the most 
recent corn ethanol demand (corresponds to E10 blend) and the 
current ethanol price. 
Fig. 3. Supply and demand curves for ethanol 
3.2. GHG emission model  
The GHG emissions of corn ethanol were examined using 
the GREET (Greenhouse Gases, Regulated Emissions, and 
Energy Use in Transportation) model. The GREET model was 
used to calculate the total energy consumption and GHG 
emissions including carbon dioxide (CO2), methane (CH4), and 
nitrous oxide (N2O) for a given fuel system [16]. For corn 
ethanol, the system boundary of the GREET model covers the 
life cycle GHG emissions of corn ethanol production and use, 
including corn farming, transport to the ethanol facility, 
fermentation, and ethanol delivery. The land-use change effects 
that may increase GHG emissions directly or indirectly are also 
included in GREET. Co-products of corn ethanol, such as 
distiller grains with solubles (DGS) and corn oil, are considered 
as credits for GHG emissions. 
For this paper, the values of GHG emissions of corn ethanol 
production were obtained from the literature (papers that used 
the GREET model) to estimate the GHG emission reduction 
compared to gasoline. The GHG emissions of corn ethanol 
production vary by the type of corn ethanol production process: 
dry milling or wet milling. Dry milling is the most common 
corn ethanol production process because of its low capital costs 
for construction and operation. In 2007, dry milling plants 
produced about 82% of the total U.S. ethanol production, while 
wet milling plants produced the remaining 18% [17]. The 
technology for corn milling plants is also changing, with recent 
plants making greater use of heat from natural gas, nuclear 
power and biomass sources. These changes impact emissions.  
Wang et al. [16] estimated that corn ethanol reduced GHG 
emissions by 19% in 2006 and by 21% in 2010 relative to 
gasoline. They also concluded that corn ethanol produced in 
plants fueled by natural gas had a GHG emission reduction 
varying from 28-39%, and corn ethanol could achieve 39-52% 
reduction in GHG emissions if biomass was used as a process 
fuel. One study compared the results of GHG emissions of corn 
ethanol derived from different models, which included a result 
of 70 g CO2 eq MJ-1 in the GREET model [18]. The Renewable 
Fuels Association (RFA) reported the carbon intensity of corn 
ethanol produced with different technologies and co-products 
in 2005 and 2012, and a projection was made based on the 
forecasted corn ethanol capacity in 2022 [19]. The data used to 
explore the trend of average GHG emissions of corn ethanol by 
year is shown in Table 1. 
Table 1. GHG emissions of corn ethanol production by year 
Year 
GHG emissions 
(g CO2 eq MJ-1) 
 Reduction relative to 
gasoline* 
Source 
2005 76.34  17% [19] 
2006 74.52  19% [16] 
2009 70.00  24% [18] 
2012 65.57  29% [19] 
2022 55.20  40% [19] 
*GHG emissions of gasoline is 92 g CO2 eq MJ-1 [18] 
Based on Table 1, the average rate of reduction in GHG 
emissions from corn ethanol is 1.34% per year. One reason why 
the GHG emissions for ethanol (relative to gasoline) continue 
to reduce is an increasing utilization of natural gas (in place of 
coal) as a heat source. In addition, allocating credits for co-
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products, such as wet or dry DGS, corn syrup, and corn oil, can 
lower the GHG emissions profile for ethanol production. 
3.3. Socio-economic model 
IMPLAN (Impact Analysis for Planning) is an linear input-
output model (I-O model) designed by the United States 
Department of Agriculture (USDA) Forest Service to assess the 
economic impacts of alternative uses of U.S. public forest 
resources [20]. In the IMPLAN model, the transactions 
between economic sectors (industry, government, and 
households) are measured in terms of dollars. For example, the 
agriculture sector purchases $10 worth of products (such as 
capital equipment) from the manufacturing sector and sells $6 
worth of agricultural product (such as crops) to the 
manufacturing sector. I-O models can be used to both analyze 
the structure of the economy and to estimate the total economic 
impact of industries or policies. The IMPLAN model includes 
three economic impact categories: (1) output, (2) labor income, 
and (3) employment.  
IMPLAN inputs and outputs are scalable; in other words, if 
an additional $2M of ethanol is sold (double that of the base 
case), the corresponding result for the manufacturing sector is 
doubled. This scale or multiplier variable (in this case, “2”) is 
used to scale the additional business sales, labor income, and 
employment due to the financial transactions throughout the 
economy. These multiplier impacts can be indirect impacts and 
induced impacts. In addition, the multipliers can identify the 
degree of change in total economic impacts caused by direct 
impacts. Multipliers provide insights in preliminary policy 
analysis by indicating the economic impact of alternative 
policies or changes in the local economy [18]. It was reported 
that the financial output effect of corn ethanol production was 
$4,994 million in 2014, and the total employment effects varied 
between 3,900 and 4,900 jobs for a five-year period in 
Nebraska (according to IMPLAN) [21]. The RFA carried out 
the reports of the contribution of the ethanol industry to the 
U.S. economy from 2009 to 2014 (see Table 2) by applying 
expenditures of the relevant supplying industry to the 
appropriate final demand multipliers for value added output, 
earnings, and employment [22]. The annual federal tax revenue 
and state tax revenue earned from economic activities 
supported by ethanol industry are also included in the RFA 
reports. 
Table 2. Economic impacts of corn ethanol industry (by year) 
Year 2009 2010 2011 2012 2013 2014 
GDP(bil $) 36.4 58.4 44.5 44.7 44.9 52.7 
Labor income (bil $) 17.6 39.2 31.4 31.2 31.3 26.7 
Employment (k jobs) 399 401 402 383 387 379 
Federal tax (bil $) 8.4 8.6 4.3 4.6 4.5 5.7 
State tax (bil $) 7.5 4.8 3.9 3.9 3.8 4.6 
In this study, the economic impacts of corn ethanol are based 
on the data from RFA reports [22]. The annual corn ethanol 
sales is dependent on the annual corn ethanol production and 
price. In 2010, the total corn ethanol production was 13.3 
billion gallons (50.3 billion liters), a 21.6% increase compared 
to 2009, exceeding the renewable fuel standard made by U.S. 
Environmental Protection Agency (EPA) of 12 billion gallons 
(45.4 billion liters) corn starch-derived ethanol in 2010. 
Therefore, the highest GDP, labor income and employment 
created by the corn ethanol industry occurred in 2010 due to 
large corn ethanol output and expansion of additional 12 corn 
milling plants [23]. The economy of corn ethanol industry did 
not fluctuate too much after 2010. The multipliers of the three 
economic impact categories are calculated by dividing the total 
economic impacts by the annual ethanol sales. For example, the 
multiplier of labor income in 2014 was a labor income of 
$79,000 per one million dollars corn ethanol sales. Between 
2011 and 2014, there was an increasing trend in multiplier of 
GDP, whose annual rate is estimated to be 11%. The average 
multipliers of labor income and employment are estimated to 
be $0.9 per dollar of ethanol sales and 11.5 jobs per million 
dollars of ethanol sales, respectively.  
Taxes provide revenue to governments that financially 
support a variety of services, e.g., education, police, defense, 
and health care. In fiscal year of 2015, Federal spent 28.8% of 
the budget on health, 24.1% on social security and 3.3% on 
education. The annual tax revenue is estimated to be 11.5% of 
the combination of GDP and household income supported by 
the ethanol industry. The federal tax revenue accounts for 
6.2%, and the state tax revenue accounts for the remaining 
5.3%. 
Table 3. Input-output multipliers of corn ethanol industry 
Year 2009 2010 2011 2012 2013 2014 
Ethanol sales (bil $) 19.6 25.6 37.6 31.3 32.8 33.6 
Multiplier of GDP 1.9 2.3 1.2 1.4 1.4 1.6 
Multiplier of labor 
income 
0.9 1.5 0.8 1.0 1.0 0.8 
Multiplier of 
employment 
20.4 15.6 10.7 12.2 11.8 11.3 
The simulation model developed using STELLA™ is 
shown in Fig. 4. The variables and parameters used in this 
model are based on the results of the GREET and IMPLAN 
models. In this scenario, corn ethanol demand and the 
corresponding impacts are projected from 2015 to 2020. 
Fig. 4. STELLA™ model of corn ethanol system 
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4. System dynamics simulation results 
The preceding section displayed a system dynamics model 
for the corn ethanol bioenergy system.  Attention now shifts to 
using this model to predict what will happen in the future. 
Figure 5 shows the variation in environmental, economic and 
social indicators associated with the projected demand for corn 
ethanol to the year 2020. The projected corn ethanol demand 
and price are shown in Fig. 5(a). The demand for corn ethanol 
was approximately 14 billion gallons (53 billion liters) in 2015 
and is expected to be about 16 billion gallons (60 billion liters) 
by 2020. These results are consistent with RFS targets set in 
2012, which set a goal for conventional ethanol produced from 
corn starch at 15 billion gallons (58 billion liters) for 2015, 
maintenance of this level of corn ethanol production into the 
future, and an increasing amount of advanced biofuels beyond 
2015 [23]. The corn ethanol price is expected to be $2.38/gallon 
($0.63/liter) by 2020, an increase of 1.7% over the 2014 level. 
The demand for corn ethanol is expected to be stable due to the 
increased availability of advanced biofuels from 2015-2020. 
Therefore, the corn ethanol price is projected to change only 
slightly based on the supply and demand of corn ethanol. 
Fig. 5. Behavior of ISM for corn ethanol bioenergy system (a) demand and 
price; (b) calculated GHG reduction 
As shown in Fig. 5(b), the reduction in GHG emissions due 
to the use of corn ethanol (as opposed to gasoline) is expected 
to continue to grow, and be 43.62 million tonne by 2020. The 
Global Renewable Fuels Alliance [24] reported that the United 
States experienced a 51.9 million tonne decrease in GHG 
emissions by displacing gasoline with ethanol in 2014. These 
predictions are likely conservative since only corn ethanol 
processing by natural gas was considered. Ethanol produced 
via other power sources such as cellulose and corn residues can 
achieve greater GHG reductions. The average corn ethanol fuel 
cycle is expected to reduce GHG emissions by 37.1% in 2020 
and 40% in 2022 (compared to gasoline). These projections 
agree with conclusions made by Life Cycle Associates, which 
predicts a 42.7% reduction in GHGs from corn ethanol in 2022 
[17]. 
The economic impact of the corn ethanol industry cascades 
effects across the economy (e.g., corn seed providers, R&D 
services, and machinery). The economic impacts of the corn 
ethanol industry are shown in Fig. 6(a) and (b). The GDP 
created by the corn ethanol industry is projected to be over $82 
billion by 2020, which is more than a 40% increase compared 
to 2010. In 2010, the ethanol industry had a high level of GDP 
due to the demand for ethanol as a gasoline-blending agent. 
This high GDP, relative to previous years (not shown in Fig. 
6), was the result of government incentive programs leading to 
high labor income and employment in the ethanol production 
industry that year. The labor income is predicted to increase 
slightly from 2015 to 2020. Although the employment in 2020 
is projected to be 15.5% larger than the 2014 employment, it is 
just 9% larger than it was in 2010. The employment during 
2010 to 2013 decreased corresponding to a decrease in GDP 
associated with corn ethanol sales. The increasing employment 
evident may be attributed to the anticipated growth of corn 
ethanol sales and GDP that should directly and indirectly create 
job opportunities in agriculture, manufacturing, transportation, 
and service sectors. Therefore, the labor income and 
employment is fairly stable, and will not grow fast unless a 
significant expansion occurs in the corn ethanol industry. The 
estimated average income for the corn ethanol industry is 
roughly 49% higher than the U.S. average of $52,250 in 2015. 
 Fig. 6. Behavior of ISM for corn ethanol system (a) GDP and labor 
income; (b) employment across all sectors 
Fig. 7. Tax revenue behavior of ISM for corn ethanol system 
In addition to the positive direct impacts on the local 
economy through expenditures and society through 
employment, local governments also benefit from increased tax 
revenues. Such revenues can support increased spending on 
education and other activities that benefit society [25]. The total 
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tax received by the federal and state governments is projected 
to increase by 63% between 2011 and 2020 (see Fig. 7). The 
federal and state tax revenues are estimated to increase by 68% 
and 57% by 2020 (over the 2010 level).  
The results shown above predict the economic, 
environmental, and social performance of U.S. corn ethanol 
production for 2015–2020. The demand for corn ethanol 
production is projected to increase in the short-term to meet the 
growing need for fuel (gasoline blended with ethanol), which 
is in turn driven by the economic and population growth in the 
U.S. It should be noted that the projected supply and demand 
of corn ethanol is based on recent historical data and the fuel 
ethanol price could be influenced by other factors such as 
feedstock price and regulatory incentives. In spite of the 
increased demand, the price of corn ethanol is expected to 
increase only slightly, with advanced biofuels addressing some 
portion of future needs. The reduction in GHG emissions due 
to biofuels (relative to gasoline) will continue owing to 
advancements in corn ethanol (and other biofuels) processing 
technology. The corn ethanol industry adds to the U.S. 
economy and it can create additional employment opportunities 
for involved sectors with stable labor income, especially when 
the demand for biofuels continues to rise. Tax revenue 
generated by the biofuel industry should serve to increase 
societal benefit. 
5. Summary 
The proposed ISM for a bioenergy system is a useful tool to 
forecast the environmental, economic, and social impacts 
associated with advances in bioenergy production. The 
simulated results can provide comprehensive insights to 
support decision making by key stakeholders and policy 
makers. Historical data was used to develop modules for the 
economy, environment, and society. Future efforts related to 
the bioenergy ISM are expected to include more advanced and 
complex models at both the fundamental and system scales.  
Other performance measures will also be added to the ISM 
based on feedback from research partners and concerned 
stakeholders.   
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